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Abstract. Microwave Litnh Sounder MLS) micasurements of lower stratospheric
C10 and INOg during the 1995 96 Arctic winter are presented. The 1995 96 Arctic win-
ter was both colder and more persistently co’d than usual. leading to an enhancement
in lower stratospheric ClO of greater magnitade, vertical extent. and duration than has
been previously observed in the Arctic. Vartos concentrations of HNO4 inmid-December
were large due to diabatic descent. Trajecione caleulations indicate that localized severe
depletions of gas-phase HNOy3 in mid February and carly Mareh did not arise from en-
tra inment of midlatitude air intotlevorteve dwerethereforepr (n ably related to polar
stratosphericcloud (P SC) formation. ,\ stion conelation hetween  cmperature and gas-
phase HNQOj; was evident, consistentwithyeanring PSC condensa 1o and evaporation

cycles in response to temperature fiuctuation




Introduction

Significant interhemispheric diflerences in the severity of ozone depletion are at-
tributed in large mcasure to underlyiig difle ences in seasonal temperature patterns.and
vortex behavior [ World Meteorological Oryariization (WA Q) 1995]. The 1995 96 Arctic
winter was both colder and more parsistently cold than usual. T'wo upper tropospheric
blocking ridge events led to lower stiatosphe i mimmum temperatures that approached
those of the Antarctic vortex. The 1995 96 - ctic winter metcorological conditions, and
their influence on ozone destiuction, aie dise assed by Maoney of al. [this issue].

In this paper we examine the 1995 96 Arctic winter temmperatnres in relation to
chlorine activation and the formation of po . stratospheric clouds (PSCs). Although
direct observations of stratospheric acro-o ~ i-ide the northern vortes are only occasion-
ally available from Upper Atmosphere Rescarceh Satellite (UARS) instruments, profiles
of gas-phase HINQjz are now being obte:ued tom the Microwave Limb Sounder (MLS)

measurcinents [ Santee et al., 1945] and a1 ud here to infer the presence of PSCs.
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Measurement Descriptlion

UARS MLS observations of lower s rator pheric C10 have been presented previously
for several northern and souther u hewns phe winter s [Waterselol,, 1993a, b, 1995;
Manncy ¢t d., 1996]. A's reportedby Weater et al. [1996], HNOy has a small effect on
the ClO signal that was accountedfo: s theoorigin al ret 1 iceval algorit hins by assuming
climatological values. The Version 3 C'1O v slue were biased high by asmuch as ~0.2 ppbv
when HHINQOj3 departed substantially fron: clin atolopy (e.g.. under conditions of low gas-
phase INOg during PSCevents). 1N (17 »e/00 [1996] also,(,)011 a1 3% scaling error in
the Version 3 ClIO data arising from thevse of o erroncous (P10 line strength value. Both
sources of crrorhavebeencorrec1 edionnpr v edictrieval algorithmes. Here we present

new Versi on 4 ClO data, which have aucstiatect singleprofile precsionand accuracy




of 0.4ppbvand 10°/0, respectively,at 1( | WP,

The measurement o f HNOj; wae nota prmary MLS objee ive llowever, there is a
significant HINOy spectral feature, cornpc =0 of matiy It brance rotational lines, which
resides just outside the 205-G Hy spectialiepion (MIS band 4) used o micasure ozone.
11 the lower stratosphere, the pressure broad.sned line shape of this feature adds a weak
slope to the ozone signal.  Version 1 «leoni lims use this slope toretrieve profiles o f
gas-phase 1INOjg, resulting in himproved fits v the radiances. M1LS 11NOy measurciments
(from precursory algorithins) have becn show 1 previously by Sandec « £ al. [1995].

Preliminary validation studicsindiae ¢ hat the MLS HINO, dat o are scientifically
useful 011 the 100, 46. and 22 hPVarctiicvelatfaces, wherethe estimated sillp;le-profile
precisions arc approximately 2.0, 3.(). and 4 pphv. respect ively. 1 lie estimated preci-
sions are based 011 observed variabilitvima 11117 roN% Jatitude be 1i{] <enteredaround the
equator, where meteorological variabilityisexsectedtobesmallrelative to thie estimated
retrieval ecrror. Because naturalaimos phaicy ariation is not complctely negligible, the
true precisions may be shghtly bettarthamt he cestimates. Thesepredsionsare generally
consistent with uncert ainties estimated Dy prosagating the radiometric noise through the
retricval algorithin. The estimated vncecrtainiies, which are included in the MLS data
files, are flagged negative under condit i s o poor nacasurement sensitivity when the
contribution from the a priori values {chimnatilogy ) exceeds 25% . 1 ls quality control
should be inposed on the 1 NOg data by discr ding re trievals with negative uncertainty
valucs.

Initial comparisons (over a limiteddiaa<y with colocated UARS Cryogenic Limb
Array Ftalon Spectrometer (CL AFESHINO s ol ervations [ Numer ctal , 1996) show that
the MLS HNOj agrees well at 1 00 hPalw s usually 02 ppbyv lower at 46 hPPa and O -
4 ppbv higher a 22 hPa (parti cularly i Ly a2 1egions). However, even where biases
ktw'cell thetwodata sets exist, thacisecadcorrespondence inthe morphology of the

CLAES and MLS HNOj fields.




Analysis and Discussion

Maps of MLLS CIO and gas phase HNO | are presented in Fipure 1 for sclected days
during the two 1995- 96 northern winter nor b viewing periods. Fach map was produced
by binning and interpolating spatially sl de i taken over a 24 hr pertod and interpolat-
ing to the 465 K potential temperature (6 < face using United Kinpdom Metcorological
Office (UKMO) temperatures. Contonrs of temperature and potential vorticity (PV)
derived from the UKMO analvses are slao <o owne After the second week of December,
465 I minimum temperatures remained ot below 195 W (Mawey ol al.; this issucl,
the commonly-used threshold for the evister oo of Type 1 PSCs, until carly March. Het-
erogencous processing on the surfaces of PO particles e.p.. Solomon, 1990] led to a
substantial area of activatedchlorinelw i, Deccmber: by Jate January, when north-
view'illg obsecrvations resuined, enhanced CHO filled most of the sunhit portion O f  the
vortex.

Time series of arca-weightedvorl ex averapes of C1O at 465 1i are shown inFigure 2
for the five northern winters of MI.Sieasuicmentstodate. Toconserve the lifetime of
th e ML Sscanmechanisin, full verticad coans were performed only onselected days inthe
1994-95 and 1995 96 northernwiic: s [0 enth ancement inlate 1)ccember 1995 was
greater than that inany of the previon-UARSyears, althouplionly a Ii mited amount
of data were collected at this thmein |l @91V ortex- averaocd CIO m February 1996 was
as high as ever previously observedinthic A tic, andthe (‘10 1emained enhanced for a
longer duration. Both Version 3 andNericn 140 dataarce shown for 1 995 96. Although
the vortex averages from both dita sete (81 the samcegime ey ol ution, the Version 3
valucs arc larger due to the 8% line st ilic oy and the comtamination from the JINO,
signal; as expected, the largest diflerence b tween the two versions occur ondays for
which the gas-phase HNQg values are Jowest

Significant C10 enhancement extended v vo ~ 6901 101 990 96, as shown in Fig-

ure 3. This exceeds the vertical vanpe o ¢ thanced ClO obser ved 1 previous Arctic




winters (for example. ClO was enhanced up 1o ~H80 K ju both 1992 93 [Manncy et dl.,
1994) and 1994- 95 [Manney ¢l al., 1995] . 1 e vertical extent of the CIO enhancement
in Iebruary 1996 is similar to that (vpirelly wcen in the Antaycetic [Manney el al., 1994),
consistent with the larger vertical extent of Aretic ozone depletion in 1995 96 [Manney
el al., this issuc].

Large concentrations of HNQOy, icide vhie vortex in mid-Decenber (Figure 1) are
attributed to diabatic descent. Betweer 29 ond 30 January, 4605 K pas phase HNOg in-
creased by approximately 3.1 ppbv on avarags over northern Scandinavia, Temperatures
over this region, while remaining helove 197 K inercased by about 1.3 K dwring this
interval. In light of recent studics that hiave culled mto question the canonical model of
Type 1 PSC formation, we have used the then odynamic formula of onson and Mauers-
berger [1988] to calculate the vapor pressire S IINOg over nitvic acid trihydrate (NAT)
at 46 hPa. Using the observed temperatines and a 1,0 mixing 1atio of 4.5 ppmv [Kelly
et al., 1990], we find the observed chiange i ¢as-phase HNO, (but not the actual mixing
ratio values) to be consistent with that predic ed by the Hanson and Mavcersberger [1988]
relationship.

A severe decrease in gas-phase HNO. e nred between 17 and 20 February, as tem-
peratures dropped below 188 K bictwern Ghrernland snd Norway, ‘The localized 11NO3
depletion extended up to 585 K and was confined to the arci of low tenperatures through-
out its vertical range. As discussced by Vo el al. [this issuc a strong blocking ridge
event in the upper troposphere at this thne -esulted in the deformation of the lower
stratospheric vortex and the location of o 1egon of very low temperatures near the vor-
tex edge (sce Figure 1), To investigate tae caise of the HNOy decrease, high-resolution
three-dimensional transport calculations. cumnilar to those for ozone described by Man-
ney ol al. [this issue], were initialized wing, 245 I MLS HNO4 on 30 Janunary and run
through 20 February. Comparison of the obaorvations (Figure 1) with the results from

the trajectory calculations (IMigure ) indicat s that the Jow values of 465 K gas-phase




HNO3 on 20 February did not arise fiom ¢ arainment of jnidlatitude air with smaller
HNO; concentrations into the vortex asocicted with this tropospheric ridging event. A
second (weaker) tropospheric blocking 1idre cocured at the beginning, of March (Manncy
et al., this issuc]. Another set of transport caleulations was intialized on 24 February
and run through 3 March. Again, the trajeciory calcnlations (Figure 4b) show that the
low HNOj3 values observed on 3 March (Fienre 1) were not produced by intrusions of
extra-vortex air during the sccond ridging eveot. The Halogen Occultation Ixperiment
(11,41,010) 011 UARSdetectedhip 1 acio-ol eximction indicative of a PSC at about 52°N
and 0°F, on 3 March (3. Russell, privite coranunication, 1996). We conclude that the
observed pockets of depletedgas shase HNO - resulted from PSC formation.

The relationship between temperatinne wnd observed pas phase HNOj3 is illustrated
in Figure 5 for the second north-viewing wintor period. The wrea weighted averages were
calculated from points enclosed within the 190 K temperature contour. Because of the
occasionally significant differences hetween URKMO and UL S National Meteorological
Center (NMCO) temperatures in the lower stiatosphere and the sensitivity of gas-phase
HNO3; mixing ratios to sinall variations v temerature, the daily averapges were computed
using both UKMO and NMC temperature.. Similay results were obtamed for both data
sets. A strong corrclation between temperatne and pas phase 1INOy 1= evident, suggest-
mg rcecurring PSC condensation ana cvap nation cycles as the temperature fluctuates.
Faurther studies are in progress to mvestigate how closely the behavior of MLS HNOQO5
(and its correlation to temperature) conform: to that predicted by current models of
PSC forination.

The MLS T NOj data alone do net show us to distinguish between the temporary
condensation of HNOs and the jrreversible re voval of HNO:, thioueh sedimnentation of
PSC particles (denitrification). However, Fipore 1 shows signs of an overall decline in
gas-phase HNOs within the vortex over the coorse of the winter. Caleulation of daily

HNOj vortex averages, excluding 1esions where the mixing ratio was Jess than 4 ppbyv



on

(which are confined to the low-temperatuie regions and wie likely due to the temporary
sequestration of HNOg in PSC particlesiseve: ls a decrease of 1 pphy between 29 January
and 3 March. This is suggestive of wiilid cenitrification in the Avetic, in agreement
with previous satellite, aircraft. and balloom: based studies [e.g., World Melecorological
Organization (WMQ), 1995; Santec «f ol 196} that have found denitrification in the
Arctic to be less severe than that i (he Anarctic. Modeling, of the effect of changing
msolation on HNOj3 photochemistiy ad the roplenishient of 465 W 1IN Oy by transport
processes is needed to verify this sugecstion. The availability of o multi-ycar, global
HNO3 data sct from MLS will {acilitare 1o detailed comparisons of denitrification in

the two hemispheres.
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Figure 1. Maps of MLS CIO (left, pphv) and 1 INOy (1ight, ppby). forselected days during

the two 1995 96 northern winter north icw i ng periods, inter polated to t he 465 K potential
temperature (0) surface using UKMO temperatures. The maps are polaror thographic projec-
tions extending to the equator, with the Greenw oh meridian @t vthe bottornand dashed black
circles at 30°Nand 60°N. No mecasurcinent-wercobtained in the whitearea poleward of 80°N.
Other blank spaces inthe maps representar cas where there were dat apaps or spurious data
points. Only data from the “day” sideof1he o1 ¢ utare shownior (. Superimposed ill white
ate the 0.25 x 10- Yand 0.30 x 10*'Km“lv 's” ' conto urs of UKMO PPV and in blue the 195

and188K contours of UKMOtemperatur

Figure 2. Time series of area-weighted vorte: averases of ClO at 165 K for five northern
winters. The large data gaps in Janvany /earl Febrvary correspond to periods when MLS
was viewing southern high latitudes; the coaller pap i carly Februaty 1296 corresponds to a
period when the UARS spacecrafl was not ope ational. Jower values of C1O are observed in
mid-February /early March cach vear wher then are essentially no davlight measurements due
to precession of the orbit. Both Version 3 fitled cyvan cirdles) and Version 4 (open cyan circles)

data are shown for 1995 96; for all other yewrs he date <hown are Version 3.

Figure 3. Version 4 CIO abundances averaesd cver 18, 20 and 23 February (the days for which
the 465 K ClO was highest), in PV/# spa e '] oo PV axis e expressed o terms of equivalent

latitude (the latitude enclosing the same cree o given PV contour).

Figure 4. 465 K H NOg (ppbv) frombighses | ation travgectony calaulations [ fanney o {11,
this issue]. Themaps show the IINO mixuvre fos al the parcel positions on the initialization
day advected with thie parcels to theh fin o po-itions. White spaces inthe maps arise from
data gaps on the initialization dawy. Two '\ coours {see Pigure 1) are overlaid in white. (a)
Results on 20 February from calculations mitia ced withMISTINO, data 011 30 January. (b)

Results on 3 March from calculationsinit a1 veowith MLS HINC Yy data on 24 Febru ary.




Figure 5. Time series of area-weighted averases of temperature (red) and MLS HNOg (black)
al 465 K, calculated within the area enclosed by 1he 195 K temperature contour. Results are
shown using both UKMO (filled tiianglen connected by colid lines) and NMC (open squares
connected by dotted lines) temperatures. NMC tenperatires are missing, on 16 and 21 February,
and the gap in HINOj3 data in early belnuiry correspounds to a period when UARS was not

operational.
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